Transmembrane translocation of polyion homopolymers takes place in the case of polyanionic polysialic acid (polySia), polyanionic polynucleotides and polycationic polypeptides. The purpose of this work was to determine the role of membrane electrical parameters on the kinetics of polyion translocation, the influence of polysialic acid on ion adsorption on positively charged membrane surface and the dynamics of the phospholipid hydrocarbon chains and choline group by using 1 H-NMR. The analysis of polyion translocation was performed by using the electrical equivalent circuit of the membrane for the initial membrane potential equal to zero. The changes in polysialic acid flux was up to 75% after 1 ms in comparison with the zero-time flux. Both a decrease of membrane conductance and an increase of polyion chain length resulted in the diminution of this effect. An increase of praseodymium ions adsorption to positively charged liposomes and an increase of the rate of segmental movement of the -CH 2 and -CH 3 groups, and the choline headgrup of lipid molecules, was observed in the presence of polySia. The results show that the direction of the vectorial polyion translocation depends both on the membrane electrical properties and the degree of polymerization of the polymer, and that polysialic acid can modulate the degree of ion adsorption and the dynamics of membrane lipids.
gree of polymerization DP = about 8 to 200) of a-2,8-linked sialic acid [3] . The valence of this polyanion corresponds to the degree of polySia polymerization. The minimum chain length of polySia reflects the formation of a characteristic helical conformation [4] . The genes encoding proteins necessary for the synthesis and expression of the polySia capsule in E. coli K1 have been cloned and characterised [5] . In E. coli, the 12 to 14 genes required for these processes are located in the multiple kps cluster. The 17 kb kps cluster is divided into three functional regions [6] . The central region 2 contains the information for the synthesis, activation and polymerization of sialic acid. Region 3 genes are postulated to be involved in the transport of polySia across the bacterial inner membrane while region 1 genes appear to function in the transport of polymers to the external surface of the outer membrane. In eukaryotic cells, polySia functions as an oncodevelopmental antigen in human kidney and brain, and may enhance the metastatic potential of Wilms tumour cells and neuroblastomas [7] . These novel carbohydrate chains also appear to have a regulatory role in cell growth, differentiation, fertilisation and neuronal pathogenicity [7] . Studies on the function of polySia suggest that its primary role is to promote developmentally controlled and activity-dependent plasticity in cell interactions and thereby facilitate changes in the structure and function of the nervous system [8] .
Vectorial translocation of negatively charged polyionic DNA across the cell membrane into the recipient cell takes place at an early stage of genetic transformation, transfection, viral infection and conjugation. Bacterial as well as plant and animal cells are able to bind nucleic acids and take them up [9] . Electrotransfection of cells, i.e., transfection induced by electric field pulses is an effective technique for introduction of foreign nucleic acid into cells [10] [11] [12] .
Ohm's law and the equivalent circuit approach were used by Hodkin and Huxley to derive a relationship between total membrane current membrane capacitance, membrane voltage, time, the ion and leakage conductance, the equilibrium potentials for each of the ions, which they applied to nerve signalling [13] . Attempts to modify the Hodkin-Huxley equation have met with limited success. Mullens and Noda added a factor to the Goldman equation [14] in order to include the effects of an ion pump on the membrane potential. Modifications of the Hodkin-Huxley equation have been applied to solve for membrane voltage in the presence of electrogenic pumps [15] .
In the present paper an analysis of transmembrane translocation of polyion homopolymers was performed by using the method of the electrical equivalent circuit of the membrane and the first step of the translocation procession adsorption on the membrane surface -was studied by using 1 H-NMR technique. The theoretical study presents the dependence of the polyanion or polycation flux through membrane on time, membrane electrical conductance, membrane electrical capacitance, the degree of polymerisation, water solution conductance and the transmembrane potential applied. 1 H-NMR technique was used to study the effect of polySia on praseodymium ions desorption from liposomes and the dynamics of the phospholipid hydrocarbon chains and choline group.
MATERIALS AND METHODS
Calculations. Figure 1 presents the electrical equivalent circuit of the membrane. Passive diffusion of ions across the membrane is represented by the left-hand branch of the circuit: the membrane resistance (G d -1 ) is connected in series with the electromotive force (E d ) which is equivalent to the diffusion potential. Electrogenic pumps, which actively transport ions out of the cell, are represented by the next (going right) branch: G p is the total conductance of the electrogenic pumps located in the membrane; E p is the electromotive force of the electrogenic pumps. C m , G s and V(t) represent the membrane capacitance, the electrical conductance of the bathing solution and the electrodes, and the external potential source, respectively. The switch, S, closes the circuit at time t = 0. From the first Kirchhoff's law and Ohm's law we have: 
In the case when the membrane potential, V m , equals to the resting potential, E r , the current passing through the membrane i r = i d + i p . Therefore:
where
The resting state of the membrane (V m = E r ) is represented by the switch, S, in the "open circuit" position.
Combining Eqns. (2) and (3) we obtain:
From the second Kirchhoff's law:
where 
Since 
After substituting for
we get:
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Equation (10) describes the relationship between unidirectional flux of polyions across the membrane and the variables membrane conductance, membrane capacitance, polyion degree of polymerisation and time.
Chemicals. Egg-yolk phosphatidylcholine (PC), praseodymium chloride (PrCl 3´6 H 2 O) and polysialic acid (polySia) were purchased from Sigma. Octadecylamine (CH 3 (CH 2 ) 17 
H-NMR experiments.
In Fourier transform (FT)-NMR experiments, the signal from excited nuclei is observed following the pulse via voltage changes (nuclear induction) in a coil around the sample tuned to the resonance frequency. This signal decreases in intensity to zero with time as the nuclei return, or relax, to their original state of thermal equilibrium. Hence, the signal is termed the free-induction decay (FID). Fourier transform of the FID, or a summation of FIDs, yields a conventional absorption-type spectrum (the Lorentzian line). The intensity of the signal from a population of identical nuclei is linearly proportional to the population size [16, 17] .
It is useful to identify two components of nuclear relaxation. One is termed spin-spin, or transverse, relaxation, by which energy is transferred from one nucleus to another. In homogeneous liquids, or in complex systems where there are strong interactions between different types of nuclei, this relaxation process can be described by a simple exponential decay, characterised by a time constant, T 2 . The spin-spin relaxation time, T 2 , characterises the decay of the FID from the population of identical nuclei in a pulse experiment. Such inhomogeneity results in nuclei in different portions of the sample precessing at different frequencies, since they experience different field strengths, so that the phase of one nucleus relative to others necessarily changes. Hence, if inhomogeneity effects are significant, the time constant for the decay of the FID from an assembly of identical nuclei is T 2 [18] . It can readily be seen that as T 2 increases, the half-width of the resonance signal Dn 1/2 gets narrower, in fact:
Since T 2 reflects how long neighbouring nuclei take to exchange magnetic energy with their environment, this parameter is approximately proportional to the rate of molecular motion. On the basis of this theory, it follows that rapid molecular motions produce sharp spectral lines, while atoms in environments where motion is restricted exhibit substantially broader signals [19, 20] . Line half-width can also be influenced by chemical shift exchange processes [17, 21] . The second relaxation process is termed spin-lattice, thermal or longitudinal relaxation, in which energy contained in a nuclear spin system is lost to surrounding molecules (or lattice) in the form of heat (rotational and translational motion). Spin-lattice relaxation time, T 1 , like spin-spin relaxation time, is also an exponential phenomenon in homogeneous liquids. Unlike T 2 , T 1 is not influenced by magnetic field inhomogeneity [18] . NMR data were collected for samples of 0.5 ml vesicle suspension with 5.0 mM PrCl 3 in 5 mm NMR tubes.
1 H-NMR spectra were recorded on a Bruker Avance DRX 300 spectrometer at 300 K. The 300 MHz spectrometer parameters were: spectral window 6172.8 Hz; digital resolution 150.0 Hz/cm or 0.5 ppm/cm; pulse width 10.6 ms; acquisition time 2.654 s; and delay time 1.0 s.
RESULTS AND DISCUSSION
In this study we used the electrical equivalent circuit analysis in order to develop a biophysical model of the modulation of transmembrane translocation rates of polyanionic homopolymers by electric field. (Fig. 3b) , the polySia flux is positive, while points above the curves give negative flux. The reversal curves were plotted for different time points. The dependency of the polySia flux on time and the degree of polySia polymerization for the membrane conductance 10 -6 W -1´c m -2 is visualised in Fig. 4a 1 H-NMR spectra were recorded upon addition of polySia and Pr 3+ ions to samples of phosphatidylcholine (PC)-octadecylamine vesicles. This study was undertaken in order to assess the effect of the polar groups of octadecylamine and polysialic acid on the dynamic properties of the lipid membrane. Figure 5 shows the change of distance between the choline headgroup signals coming from the outer and the inner layer of the liposome. Changes of the splitting (d, Hz) between extravesicular and intravesicular choline headgroup signals is proportional to the concentration of the praseodymium added to the extravesicular medium [8, 25, 26, 28] . Any change in the concentration of praseodymium bound to the external lipid monolayer of the liposome changes the distance (splitting) between choline headgroup signals. As seen in Fig. 5 an increase of the splitting to the maximum value for polySia concentration equal to 0.25 mg/ml and a decrease for higher concentration of polySia is observed. PolySia at a concentration of 0.25 mg per ml caused minimal desorption of Pr 3+ ions from the liposomes (i.e., maximal adsorption) as seen in Fig. 6 . In this case the increase of adsorption of praseodymium ions was caused by the presence of polySia in the bathing solution. The percentage of praseodymium desorption was calculated as the ratio of the change in the choline headgroup signal splitting before and after addition of polySia. Figure 7 shows the polySia-related decrease of half-width (Dn 1/2 ) of the 300 MHz 1 H-NMR peak of choline groups corresponding to the extravesicular and the intravesicular monolayer of PC/octadecylamine liposomes. The results (Fig. 7b) show strong sharpening of spectral peaks in the intravesicular monolayer (of the liposome). The sharpening of the spectral peaks of the extravesicular monolayer is less pronounced (Fig. 7a) . The effect of sharpening of spectral peaks is directly related to the unlimitation of the segmental movement of lipid molecues [19, 20] . Figure 8 shows the decreasing of half-width (Dn 1/2 ) of spectral lines corresponding on -CH 2 and -CH 3 groups of lipid alkyl chains. The effect of sharpening of the peaks is stronger in the case of -CH 3 terminal groups (Fig. 8b ) than -CH 2 groups (Fig. 8a) . This is an indication of the fluidisation effect of polySia on the hydrophobic part of the positively-charged membrane. signed to -CH 2 and -CH 3 groups of lipid alkyl chains. Martin and Harvey [29] applied ionic circuit analysis to examine transport in lepidopteran midgut components. In that analysis pumps, porters and channels, as well as ionic concentration gradients and membrane capacitance, were components of ionic circuits that function to transform metabolic energy (e.g., from ATP hydrolysis) into useful metabolic work (e.g., amino acid uptake). Computer-generated time courses of membrane potential reproduced key aspects of the coupling of the protonmotive force generated by an H + V-ATPase to K + /2H + antiport and amino acid/K + symport in the lepidopteran midgut. A simple system consisting of a pump for a single ionic species in a membrane separating two aqueous compartments was considered [30] . That analysis departed from all previous ones by representing ionic gradients as charged compartmental capacitances instead of batteries. In the circuit, the ionic (in this case proton) pump was depicted by the pump potential/porter combination, and the frictional and slippage resistances were considered to be negligible and were ignored. In the steady state, in this case equilibrium, the pump generated a proton-motive force which was the product of the pump potential and the proton porter coupling coefficient [30] . A simple electrical equivalent circuit for the plasmalemma of cells has been shown [31] . The left-hand branch of the circuit represented passive diffusion of ions across the membrane; the membrane resistance was connected in series with the electromotive force, which was equivalent to the diffusion potential. The right-hand branch represented the electrogenic H + pump, which actively transports H + ions out of the characean cell. The steady-state diffusion of ions through separate, selective channels was described according to irreversible thermodynamics [32] . Ion fluxes thus obtained were the same as those in the parallel conductance model. The equivalent electrical circuit for this system had its electromotive forces expressed by the chemical potentials of the diffusing ions. It was concluded that the passive diffusion flows remain steady, since active transport mechanisms pump the ions up their electrochemical potentials. The authors of those papers focused however, on the transmembrane movement of univalent cations or anions and neglected the transport phenomena of polycations or polyanions across biological membranes.
It has been shown that DNA translocation into cells using a high-voltage pulse takes less than 3 s, and that DNA electrophoresis has an important role in this process [33] . The authors suggest that the mechanism of cell electrotransfection is underlain by electrophoretic movement of DNA through membrane pores, the rise of which is determined by interaction with DNA in the electric field. DNA penetration from T4 phage adsorbed on E. coli cells was measured at different membrane potentials [34] . The authors found that the T4 DNA injection process depended on a minimum V m below which there was no penetration. The precipitous reduction in DNA penetration occurred between 110 and 60 mV. This threshold of membrane potential for DNA penetration was independent of DpH.
Polyprenyl phosphate functions as a transmembrane carrier during the biosynthesis of polySia in E. coli K1 [22] . The results of voltammetric analysis and Langmuir monolayer studies of model lipid membranes indicate that electrical transmembrane potential can accelerate the formation of pores in lipid bilayers modified by long chain polyprenols [35, 36] . We suggest that translocation of polySia across the inner bacterial membrane can be facilitated by pore formation in the presence of polyprenols and by transmembrane potential.
In conclusion, we have showed that transmembrane potential can modulate the transmembrane translocation rate of polyion homopolymers. The analysis describes the effect of transmembrane potential on the translocation rate of negatively charged polyanionic polysaccharides and polynucleotides across membranes. The investigations are extended to the transmembrane translocation of polycationic polypeptides. Such polypeptides strongly interact with DNA and are used to increase the uptake of foreign genes in mammalian cells with the aim to transfect them [37] [38] [39] . The results show that the direction of the vectorial polyion translocation de-pends both on the membrane and the degree of polymerization of the polymer. The results of 300 MHz 1 H-NMR investigations indicate that polysialic acid can modulate the dynamics of positively-charged bilayer lipid membranes and can increase the adsorption of positively-charged ions to the lipid bilayer.
